We have used DNase I and hydroxyl-radical footprinting to examine the formation of intermolecular DNA triple helices on nucleosome-bound DNA fragments containing A n :T n tracts. We found that it is possible to form triplexes on these nucleosomebound DNAs, but the stability of the complexes depends on the orientation of the A tract with respect to the protein surface.
INTRODUCTION
The formation of intermolecular DNA triple helices offers a means of achieving sequence-specific recognition of long DNA sequences ( 10 bp) [1] [2] [3] [4] [5] . In this strategy, a synthetic oligonucleotide binds within the major groove of duplex DNA, forming specific hydrogen bonds to substituents on the DNA bases. Two types of triplex have been characterized, depending on the orientation and base composition of the third strand. Pyrimidine-rich oligonucleotides bind parallel to the duplex purine strand, generating T:AT and C + :GC triplets [6] [7] [8] , whereas purine-rich oligonucleotides bind in an antiparallel orientation, forming A:AT, G:GC and T:AT triplets [9] [10] [11] . The formation of parallel triplexes is limited by the requirement for low pH necessary for protonation of the third-strand cytosines.
There have been numerous studies on the formation of triple helices on isolated DNA fragments in itro. However, in all eukaryotes DNA is packed into higher order structures, which may mask potential binding sites and\or alter the local DNA conformation. The basic unit of chromatin is the nucleosome, in which about 145 bp of DNA wrap 1.8 times around a protein core consisting of two copies each of histones H2A, H2B, H3 and H4. Although nucleosomes must be able to associate with many different DNA sequences, there is considerable evidence that DNA fragments adopt well-defined positions when wrapped around the protein core [12] [13] [14] [15] [16] [17] . Since DNA must bend as it wraps around the protein, sequences which facilitate bending have been implicated in directing nucleosome formation [17] and, in general, GC-rich regions are positioned with their widerthan-average minor grooves facing away from the protein, whereas the narrow minor groove of AT sequences faces towards the protein [12, 13] . Within natural DNA fragments it will not be possible to satisfy all the local preferences and sequences towards the centre of the nucleosome have a greater effect on rotational positioning than those towards the ends. Certain repetitive sequences, as well as double-stranded RNA, will not wrap around nucleosomes. Early studies showed that poly(dA):poly(dT) cannot be readily incorporated on to nucleosome core particles in itro [18] [19] [20] , although more recent studies have shown that fragments containing long (up to 70 bp) 1 To whom correspondence should be addressed (e-mail krf1!soton.ac.uk).
Hydroxyl-radical cleavage of these complexes suggests that the DNA fragments are still associated with the nucleosome. However, the phased cleavage pattern is lost in the vicinity of the triplex, suggesting that the DNA has locally moved away from the protein surface.
A n :T n tracts can be incorporated within the nucleosomal repeat [21] [22] [23] . This polynucleotide is thought to adopt an unusual configuration in which the base pairs are highly propeller twisted, forming a rigid structure that is hard to deform and which is resistant to nuclease attack and intercalative drug binding [24] [25] [26] [27] . Poly(dA) tracts are common in most eukaryotes and are generally located in the A-rich regions at the 3h end of Alu repeats within longer sequences of a repetitive nature [28] .
The interaction of DNA with nucleosome core particles may present a problem for triplex formation in itro, since the thirdstrand oligonucleotide must wrap around the DNA duplex, which is already wrapped around the protein core. If the third strand spans more than 10 bp it will have to thread between the protein surface and the duplex in order to access continually the DNA major groove. Previous work has shown that triplex formation alters nucleosomal arrangement and functions as a nucleosomal barrier [29, 30] . We have also shown that nucleosomes inhibit triplex formation, though target sites towards the ends of nucleosomal fragments can still be targeted, in regions where the DNA is less tightly associated with the protein core [31] . Since poly(dA) tracts do not wrap easily around nucleosome cores and might be less tightly associated with the protein surface, we were interested to determine whether these sequences can be targeted by triplex formation. The results presented in this paper examine the interaction of oligo(dT) with nucleosome fragments containing A n :T n tracts. 11 .T 11 tracts. In each case the A n .T n target sites are shown in italics. The base bearing the radiolabel is underlined.
[21]. Plasmid pEW1, which contains four A ""
:T "" tracts, was obtained by ligating (GA) ' NNT "" :A "" NN(TC) ' into the SmaI site of pUC18 and was a gift from Dr. E. Washbrook (School of Biological Sciences, University of Southampton, Southampton, U.K.). DNA fragments were obtained from these plasmids by digesting with HindIII, labelling with [α-$#P]dATP using reverse transcriptase and cutting again with EcoR1. The sequences of these fragments are shown in Table 1 . Radiolabelled DNA fragments were separated from the remainder of the plasmid on 7 % (w\v) polyacrylamide gels. The band of interest was cut from the gel and eluted into 10 mM Tris\HCl (pH 7.5) containing 0.1 mM EDTA. The DNA was precipitated with ethanol and dissolved in 10 mM Tris\HCl (pH 7.5), containing 0.1 mM EDTA, so as to yield about 20 c.p.s per µl, as measured on a hand-held Geiger counter (approx. 10 nM strand concentration).
Nucleosome reconstitution
H1-stripped chromatin, derived from chicken erythrocytes, was prepared as described previously [12, 13] and stored at 4 mC, or k20 mC in 50% (v\v) glycerol. The DNA fragments of interest were reconstituted on to nucleosomes at pH 7.5 by a saltexchange method, as described previously [12] [13] [14] [15] . Radiolabelled DNA (approx. 1 nmol of bp) was dissolved in 12 µl of 20 mM Tris\HCl (pH 7.4), containing 1 mM EDTA. This was mixed with 18 µl of nucleosome core particles (12 mg\ml) and 8 µl of a high-salt buffer, containing 30 mM Tris\HCl (pH 8.0), 4.5 M NaCl and 5 mM EDTA. This was incubated at 37 mC for 30 min before slowly decreasing the salt concentration to 100 mM by stepwise additions of 5 mM Tris\HCl (pH 8.0) containing 1 mM EDTA and 0.1 % (v\v) Nonidet P40. For each sequence the incorporation of labelled DNA on to nucleosomes was checked by gel retardation on 1 % (w\v) agarose gels ; in each case at least 95 % of the labelled DNA was included in the retarded species. These reconstituted nucleosomes were stored at 4 mC. The integrity of the reconstituted nucleosomes was also checked by agarose-gel retardation after adding the triplex-forming oligonucleotides. We found that the oligonucleotides did not affect the proportion of DNA in the retarded species ( 95 %), confirming that the digestion patterns of nucleosome-bound DNA did not contain significant contributions from contaminating free DNA.
DNase I footprinting
The reconstituted nucleosomes (10 µl) were mixed with 10 µl of varying concentrations of oligonucleotide dissolved in 10 mM Tris\HCl (pH 7.5), containing 100 mM NaCl and 10 mM MgCl # . Under these conditions the concentration of third-strand oligonucleotide (typically micromolar) is much greater than that of the radiolabelled DNA, which is present in very small amounts. This mixture was allowed to equilibrate for at least 30 min before digesting with 4 µl of DNase I (typically 30 units\ml) dissolved in 20 mM NaCl\2 mM MgCl # \2 mM MnCl # . Higher concentrations of DNase I are required for digesting the nucleosomebound DNA fragments than for free DNA, due to the presence of the large amount of unlabelled DNA from the chicken nucleosomes ; the enzyme concentration was adjusted so that about 60-70 % of the DNA remained uncut. The digestion was stopped after 1 min by extracting with 100 µl of phenol. This was followed by a further phenol extraction and two extractions with ether. The resulting solution was adjusted to 0.3 M sodium acetate and precipitated with 3 volumes of ethanol. The DNA pellet was redissolved in 7 µl of 80% formamide containing 10 mM EDTA, 10 mM NaOH and 0.1 % (w\v) Bromophenol Blue. For free DNA, 1.5 µl of radiolabelled DNA was mixed with 3 µl of oligonucleotide, diluted in 10 mM Tris\HCl (pH 7.5), containing 100 mM NaCl, and digested with DNase I (typically 0.01 units\ml, diluted in 20 mM NaCl\2 mM MgCl # \2 mM MnCl # ). The reaction was stopped after 1 min by adding 5 µl of 80 % formamide containing 10 mM EDTA, 10 mM NaOH and 0.1 % (w\v) Bromophenol Blue.
Hydroxyl-radical footprinting
The reconstituted nucleosomes (10 µl) were mixed with 10 µl of varying concentrations of oligonucleotide dissolved in 10 mM Tris\HCl (pH 7.5), containing 100 mM NaCl. This mixture was allowed to equilibrate for at least 30 min before adding 40 µl of a freshly prepared mixture containing 50 µM ferrous ammonium sulphate, 100 µM EDTA, 2 mM ascorbic acid and 0.05 % hydrogen peroxide. The reaction was stopped after 8 min by adding 100 µl of phenol and extracted as described above for DNase I footprinting.
Gel electrophoresis
DNA samples were boiled for 3 min immediately before loading on to the gels. Polyacrylamide gels (40 cm long) were run at 1500 V for 2 h. These were then fixed in 10 % (v\v) acetic acid, transferred to Whatmann 3MM paper, dried under vacuum at 80 mC and exposed to autoradiography at k70 mC with an intensifying screen. The products of digestion were assigned by comparison with Maxam-Gilbert marker lanes specific for guanine and adenine. Autoradiographs of hydroxyl-radical cleavage were scanned using a Hoefer 365W microdensitometer.
RESULTS

A 32 :T 32
The control lanes of Figures 1 and 2 show DNase I cleavage patterns of fragment K9 when free or complexed with nucleosome core particles. This fragment contains a region with 32 contiguous adenines, and has been shown previously to wrap around nucleosome core particles [21] . DNase I cleavage of the free DNA (Figures 1a and 2a) produces a typical digestion pattern that contains no cleavage products within the A $# tract, em- phasizing the resistance of these sequences to DNase I attack. When this DNA is complexed with nucleosomes (Figures 1b and 2b) the cleavage pattern is more regular, with strong products spaced approx. 10 bp apart. Some weak cleavage products are now evident at regular intervals within the A tract. This is consistent with our previous suggestion that the A $# tract is included in the DNA region which is wrapped around the nucleosome core [21] , and is distorted to a form that is more susceptible to DNase I cleavage. The phased pattern produced on the nucleosome cores can be seen clearly using hydroxylradical cleavage ( Figure 3 ) in which the peaks are, on average, 10 bp apart, corresponding to the helical rise of DNA and coinciding with the strong DNase I cleavage products. This panel confirms that the DNA region of interest is associated with the nucleosome core, since strong phasing is also seen within the poly(dA) region, and is consistent with the results of DNase I digestion. These results confirm previous observations that this fragment adopts a unique rotational position when wrapped around nucleosome cores and demonstrates that the poly(dA) tracts are included within the phased region. Figure 1 shows the effect of T "' on DNase I digestion of this fragment when both free and complexed with nucleosome core particles. This oligonucleotide should form a block of 16 parallel T:AT triplets. We chose to use this oligonucleotide, rather than T $# , since we reasoned that T $# would cover more than three helical turns and would be more likely to be inhibited by interaction of the DNA with the nucleosome surface. Results with T $# are presented below. At maximal occupancy two molecules of T "' should bind to this target site. Surprisingly, we find that when T "' is added to free K9 DNA in the presence of 10 mM MgCl # there are no changes in the DNase I digestion pattern (results not shown). This is probably related to the observation that DNase I cleavage is poor throughout the A tract, as a result of which oligonucleotide binding to the centre of this region will not be detected. However, it may also be due to the relatively low affinity of T:AT triplets, compared with triplexes that also contain C + :GC triplets. One means of improving triplex affinity is to add a ligand that binds selectively to triplex DNA. One such compound that has been studied widely is the naphthylquinoline triplex-binding ligand [32] [33] [34] , which is thought to intercalate between T:AT triplets, and which we have shown previously does not affect nucleosome integrity [31] . The results of footprinting experiments after addition of this ligand are shown in Figure 1 . Small differences in DNase I cleavage of the free DNA can be seen in the region immediately above (or 5h to) the target site, where three or four bands that are present in the control lanes are attenuated in the presence of the oligonucleotide at concentrations of 1 µM or more (Figure 1a) . In Figure 1 (b) this experiment is repeated with nucleosome-bound DNA. When this is targeted with T "' , clear changes in DNase I cleavage, consistent with triplex formation, can be seen. This is evidenced by three to four bands at the upper edge of the target site, which are absent in the presence of the oligonucleotide at concentrations of 1 µM and above. As a result of the distortion of the duplex DNA as it wraps around the protein, there is more cleavage in the nucleosome-bound target site than in the free DNA, and a reasonably strong cleavage product is present at the 3h(lower) boundary. This band is removed by T "' at concentrations of 10 µM and above. Weaker cleavage products can also be seen about 10 bp up from the bottom of the A $# tract ; these are abolished by 3 µM oligonucleotide and above. In Figure 1 (b) the samples containing oligonucleotide have been overdigested relative to the control lanes ; this causes the weaker band intensity at the top of the gel, and greater band intensity at the bottom in the presence of the oligonucleotide. These differences are not apparent in Figure 2 (see below) . Since the changes in DNase I cleavage at the top and bottom of the A $# tract persist to different oligonucleotide concentrations, it seems as though this oligonucleotide, which can bind in more than one position, has different affinities for different regions. Lower oligonucleotide concentrations are required to alter the cleavage pattern at the top (5h) of the target than the bottom (3h). This difference can only be caused by the presence of the nucleosome, so that the 5h(upper) end of the A $# tract is more accessible for triplex formation.
Since triplex formation is only observed in the presence of the triplex-binding ligand, we considered the possibility that the changes in DNase I digestion might result from the formation of peculiar triplex structures. In particular, we wondered whether, in the presence of the ligand, the oligonucleotide might not interact with contiguous base pairs over its entire length, but instead might generate several short local triplexes of 4-6 triplets long, at positions where the major groove faces away from the protein surface. The remainder of the T "' oligonucleotide would then either bridge the gap between two such outward-facing regions, or hang free in solution. Such a short structure would only be stable in the presence of the triplex-binding ligand. We have tested this possibility by using shorter third strands, which would still be able to form these short local triplexes, but which would have a lower affinity than full-length interaction with T "' . on DNase I cleavage of nucleosome-bound K9. It can be seen that this oligonucleotide does not affect DNase I digestion of this fragment even in the presence of the triplex-binding ligand.
It might also be argued that the oligonucleotide has caused one or other end of the DNA fragment to dissociate from the nucleosome surface. Figure 1 shows that, in the presence of T "' DNase I, digestion of the lower portion of the nucleosomebound fragment is similar to that of core-bound and not free DNA, confirming that this portion of the fragment is still associated with the nucleosome surface. The effect on the upper portion of the digestion pattern of K9, above the A $# tract, is shown in Figure 2 , by over-running the gel to give clearer band resolution. Figure 2(a) shows DNase I digestion of free DNA whereas Figure 2(b) shows the digestion of nucleosome-bound DNA. It can be seen that the digestion patterns of free and core DNA are distinctively different and remain so even in the presence of the oligonucleotide. This confirms that the upper region of this DNA fragment is still associated with the protein core in the presence of T "' . Once again, it can be seen that the oligonucleotide has affected DNase I cleavage at both the top and bottom of the A $# tract in both the free and core-bound DNA. These results show that T "' can interact with this nucleosome-bound DNA fragment and suggest that it binds with different affinities to different regions of the A $# tract. We have studied the interaction with T "' in greater detail by examining its effect on hydroxyl-radical cleavage of this DNA fragment. The results of these experiments are presented in Figure 3 . Figure 3(a) shows the interaction of 30 µM and 10 µM T "' and T ' with the nucleosome-bound DNA fragment. Since hydroxyl-radical cleavage occurs from the DNA minor groove, whereas the third-strand oligonucleotide binds in the major groove, this probe cannot be used to detect oligonucleotide binding but is useful for showing interaction of the DNA with the nucleosomes. Hydroxyl-radical cleavage of the free DNA generates an even ladder of cleavage products, which is not affected by the addition of T "' (results not shown). The two control lanes show hydroxyl-radical cleavage of the nucleosomebound DNA in the presence and absence of the triplex-binding ligand. It can be seen that this compound alone has no effect on the phased digestion pattern. In the presence of T "' hydroxyl- radical cleavage of the lower part of the gel is unaffected, showing the usual phased cleavage pattern. However, the phased cleavage pattern is no longer apparent in the A $# tract, suggesting that this region is no longer associated with the nucleosome surface. This loss of phasing can be seen more clearly in the densitometer traces shown in Figure 3(c) . The shorter oligonucleotide T ' has no effect on the hydroxyl-radical cleavage pattern. Figure 3(b) shows the results of similar experiments, examining the concentration dependence of the T "' induced changes in the digestion pattern. At the higher concentrations of T "' (10 µM and 30 µM), the phased cleavage around the target site is abolished ; this is restored at lower oligonucleotide concentrations.
Since T "' shows evidence of interaction with the nucleosomebound DNA fragment, we have performed similar experiments with T $# , which has the potential for forming a single complex . Similarly, the nucleosome-specific bands at the bottom of the A tract are removed by the oligonucleotide, together with other weaker bands within the A tract. These changes persist to oligonucleotide concentrations as low as 0.1 µM, indicating a stronger interaction than with T "' . It should also be noted that the oligonucleotide affects DNase I cleavage in other parts of the fragment. In particular, cleavage of bands towards the bottom of the fragment is enhanced in the presence of 30 µM and 10 µM T $# compared with the control. Although these enhancements must result from the binding of T $# , they are over two helical turns from the target site and suggest a large distortion of the duplex-nucleosome complex when the third strand is added. The integrity of these nucleosomal complexes was checked by agarose gel electrophoresis and was shown to be unaffected by the binding of the oligonucleotide.
Once again we should consider the possibility that the third strand is not forming the correct triplex structure but is forming local non-continuous triplexes at positions where the DNA major groove faces away from the nucleosome core. T $# produces a footprint at lower oligonucleotide concentrations than T "' ; this is not unexpected, and may simply be attributed to the formation of a longer triplex. However, it might be argued that this could also arise from the generation of a greater number of short local triplexes. We have again used hydroxyl-radical cleavage to address this problem, and the results are presented in Figure 4b . It can be seen that, in the presence of T $# , the phased cleavage is lost within the target site, but not the remainder of the fragment, as noted with T "' . This loss of phasing suggests that the third strand has caused the DNA to move away from the nucleosome surface at this point. We would not expect this loss of phasing if the oligonucleotide bound by forming local triplexes at accessible regions of the major groove, since the DNA duplex would still be associated with the nucleosome core. The results therefore suggest that the third strand has formed a full complex with the target site.
A 41 :T 41
These results were extended by using fragment K17, which contains a longer, 41 base, A tract. Figure 5 shows DNase I digestion of this fragment, when free or nucleosome bound, examining its interaction with T "' . Once again there is little DNase I cleavage of the poly(dA) track and the interaction with T "' has to be inferred from changes in digestion at the edges of the target. With the free DNA there are changes at the top of the target site, similar to those seen with K9. When this DNA fragment is placed on to the nucleosome cores, the DNase I digestion pattern alters, indicating successful reconstitution. This is especially noticeable in the centre of the A %# region, where cleavage products are now apparent. These bands within the target are removed on addition of T "' , suggesting successful triplex formation. This footprint persists to oligonucleotide concentrations below 1 µM as seen with K9. Cleavage in the remainder of the fragment is not affected by the oligonucleotide, suggesting that the DNA is still associated with the nucleosome surface.
These experiments with K9 and K17 suggest that triplex formation can be achieved on poly(dA):poly(dT) tracts that have been wrapped around nucleosome core particles. However, these fragments are longer than the nucleosome repeat length (145 bp), and so should be able to bind these fragments in more than one location, each of which adopts the same rotational setting. Although the A n :T n tracts are located towards the centre of K9 and K17, it is possible that addition of the third strand causes a rearrangement that excludes these DNA regions from the nucleosome surface, while retaining contact with the mixed DNA sequences at one or other end of the fragment. In an attempt to assess any oligonucleotide-induced changes in the translational positioning, we examined their digestion by micrococcal nuclease (results not shown). This enzyme cuts only at pA and pT bonds but cleaves oligo(A) tracts with very low efficiency and so cannot be used directly to assess triplex formation. In each case micrococcal nuclease digestion produced a pattern consistent with nucleosome formation that was not affected by addition of T "' , suggesting that the oligonucleotide had not affected the translational or rotational position of the DNA fragments. We also extended these studies by using a shorter (144 bp) fragment, which contains several A ""
:T "" tracts.
A 11 :T 11
These experiments were extended using a shorter fragment from pEW1, containing shorter A n :T n tracts. Fragment pEW1, which was originally prepared to examine the formation of alternate strand triplexes, contains four A "" tracts, which are separated by alternating (TC) ' regions. This sequence was targeted with T "" in the presence of 10 µM triplex-binding ligand and the results of DNase I digestion of the free and nucleosome-bound DNA are shown in Figure 6 . Once again there is little DNase I cleavage in the A n tracts in the free DNA (Figure 6a ), though changes in regions flanking the A "" tracts can be seen in the presence of the oligonucleotide. These changes are evident around all four target sites and in each case persist to similar oligonucleotide concentrations (3 µM). When this sequence is reconstituted on to nucleosome core particles (Figure 6b ) the cleavage pattern changes. Novel cleavage products appear within site 4 and at the lower (3h end) of site 3. Cleavage of the intervening (GA) ' tracts shows an alternating pattern of bands in the free DNA in which ApG is cut better than GpA ; this alternation is less pronounced on core DNA with clear reductions towards the centre of the regions between sites 2 and 3, and 3 and 4. The positions of strongest cleavage in the lower (3h) part of the fragment are indicated by the arrows in Figure 6 (b) and can be seen to be separated by approximately 10 bp. The 10 bp repeat is less pronounced towards the top of the gel, suggesting that this region is less tightly bound to the protein surface. Addition of T "" to this nucleosome-bound DNA produces further changes in the cleavage pattern. Footprints are evident at sites 1 and 2, which persist to the lowest oligonucleotide concentrations. Bands above and below site 3 are also attenuated, though these changes are only evident at concentrations above 3 µM. Each of these protected regions extends by about 4-5 bases in the 3h (lower) direction from the target sequence into the surrounding (GA) ' tracks. In contrast, cleavage at site 4 is unaffected by the oligonucleotide, except for a slight attenuation at the highest concentration (30 µM). The different properties of these sites were unexpected since they are all located in identical sequence environments. The differences must therefore be related to the way in which each site interacts with the protein core and will be considered further in the Discussion.
Hydroxyl-radical cleavage of this reconstituted DNA fragment yielded an uneven cleavage pattern. However, densitometric analysis of this pattern did not produce a simple phased cleavage pattern, suggesting that this DNA fragment is adopting more than one position on the nucleosome surface.
DISCUSSION
Before discussing these results it is worth considering the structure of A n :T n tracts. Poly(dA):poly(dT) has a number of properties that distinguish it from other polynucleotides and it appears to have considerable structural rigidity. Although most DNA sequences are able to change from B-DNA to A-DNA on reducing the humidity, poly(dA):poly(dT) does not undergo this transition [35, 36] . Poly(dA):poly(dT) cannot be classified as either A-DNA or B-DNA. The two polynucleotide chains have different conformations ; the poly(dA) chain is more like A-DNA (3h endo pucker), whereas the poly(dT) chain is more like B-DNA (2h endo pucker). It was first thought that poly(dA): poly(dT) could not be reconstituted on to nucleosome cores in itro [18, 20] , consistent with the observation that these sequences are often excluded from nucleosomal DNA in i o [37, 38] .
Lengths of 80-100 bp are sufficient to be excluded partially from nucleosomes [19] , whereas runs of about 20 bp are positioned preferentially at the ends of the nucleosome core. Shorter lengths can be incorporated into nucleosomal DNA, but runs of more than 4 or 5 bp will be located preferentially at positions of minimum curvature, thus dictating both translational and rotational positioning of the DNA [16, 17] . However, other studies using DNA fragments containing poly(dA) regions of 30-70 bp have shown that these can adopt unique positions on nucleosome cores [21] [22] [23] . The structural rigidity of poly(dA):poly(dT) arises from a high propeller twist of the base pairs, which improves the base-stacking interactions. This also creates a system of bifurcated hydrogen bonds within the DNA major groove in which N6 of adenine is close to O4 of the thymine on its 3h side [24] . The results presented in this paper indicate that in some instances it is possible to form intermolecular DNA triplexes on nucleosome-bound poly(dA) tracts. Successful triplex formation depends on the length and location of the target sites. For the longest target sites (K9 and K17, containing A $# and A %" , respectively), triplexes are formed with T "' and T $# in the presence of 10 µM triplex binding ligand. For the fragment containing four A "" tracts, although all the sites are equivalent triplex targets on free DNA, one site does not form a footprint with T "" when complexed on to nucleosome cores.
Looking first at the results with K9, which contains an A $# tract, a clear phased pattern can be seen within the nucleosomebound A tract. This demonstrates that, although the A tract may adopt a rigid structure that is resistant to DNase I cleavage, it can be distorted so as to wrap around the protein surface. On adding T "' or T $# changes in DNase I cleavage are observed which suggest that these oligonucleotides have bound to the nucleosome-bound DNA. Why is this sequence accessible for triplex formation, whereas our previous studies have shown that a target site in tyrT(46A) did not form a triplex on nucleosomebound DNA [31] ? The hydroxyl-radical cleavage experiments provide some clues, revealing a loss of phasing within the A tract in the presence of the oligonucleotide. This suggests that the DNA fragment has become less closely associated with the protein surface in the vicinity of the poly(dA) tract. We can imagine several models to explain this observation. First, it is possible that the poly(dA) tract becomes more rigid on triplex formation and resists bending around the nucleosome cores, forcing this region to move away from the protein surface. However, this distortion cannot be too large as both the upper and lower regions of this DNA fragment still appear to be bound to the nucleosome in the same configuration, as seen in the absence of added oligonucleotide. Secondly it is possible that the nucleosomes have rearranged so as to position two nucleosomes on each DNA fragment, with the central poly(dA) regions excluded from the nucleosomal DNA, forming a linker region. However, this seems unlikely as it would require extensive dissociation and reassociation of the nucleosomes in order to form this radically different structure, and is also not consistent with the micrococcal-nuclease digestion patterns. A third possibility is that one or other end of the DNA dissociates transiently from the nucleosome, allowing access to the third strand, and that the frayed ends subsequently reassociate with the cores. It is possible that for the longer fragments K9 and K17 the triplex region may be ' looped out ' from the protein surface, thereby extending the overall length of DNA associated with each nucleosome.
For sequence pEW1, which contains four A "" tracts, all four sites have a similar affinity for T "" on free DNA, but have very different properties when associated with nucleosome cores. The different properties of these sites must arise from differences in their interaction with the nucleosome core particles. The DNase I cleavage patterns suggest that sites 1 and 2 are less tightly associated with the nucleosome cores ; these are the regions that are available for triplex formation with T "" . Triplex formation is still observed at site 3 but this appears to be hindered by the nucleosome cores, while no oligonucleotide binding is observed at site 4. DNase I digestion of site 4 shows strong cleavage in centre of this A "" tract, suggesting that, at this point the minor groove faces away from the protein core, i.e. the major groove faces towards the protein and so is inaccessible for complex formation. In contrast, at site 3 the strongest cleavage is located close to the 3h end of the A tract, suggesting that the major groove faces away from the protein in the centre of the target. The different orientations of these target sites may explain their different affinities for T "" . The results presented in this paper suggest that intermolecular DNA triple helices can be formed at some A n tracts on nucleosomal DNA. However, the affinity of the third strand is affected by the precise orientation of the target with respect to the protein surface. 
